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Abstract  
Implications of increasing labour cost and development of herbicide resistance for profitable 
weed management in Philippine rice farming systems are investigated. The study employs 
RIMPhil  (Resistance  and  Integrated  Management  in  the  Philippines),  a  bioeconomic 
simulation  model  developed  to  provide  a  comprehensive  assessment  of  integrated  weed 
management programmes for the control of annual barnyardgrass (Echinochloa crus-galli) in 
rice crops. Results indicate that herbicide application will become increasingly economically 
attractive, relative to manual weeding, as labour cost increases. This is important since urban 
migration in the Philippines continues to increase the scarcity of rural labour. Results also 
show that the onset of herbicide resistance results in substantial losses in farm profit. It may 
be  worthwhile  for  farmers  to  take  management  actions  to  prevent  or  delay  the  onset  of 
herbicide resistance, provided that these changes are effective and not too costly. The study 
highlights the complexity of decision making about integrated weed management on rice 
farms in the Philippines. 
Key  words.  Barnyardgrass;  Bioeconomic  model;  Herbicide  resistance;  Integrated  weed 
management; Rice production. 
1. Introduction 
Rice is the staple food of more than 3 billion (B) people worldwide, but growth rates in crop 
yields have fallen in recent times, declining by 82 per cent in 1991–2006, relative to the 
previous  15  years  (Van  Nguyen,  2009).  Moreover,  there  is  extensive  evidence  that 
environmental degradation and scarcity of appropriate land and water resources are becoming 
increasingly important in limiting the capacity of rice production to meet global demand, 
which is expected to double by 2050. This highlights a key need to promote the efficient 
production of rice within existing farming systems. 
Manual weeding and flooding are traditionally used to restrict weed competition with rice 
crops. However, there has been a growing reliance on herbicides. The annual growth rate of 
herbicide sales for rice crops globally is estimated to be around 60 million (M) US dollars 
(US$) year
-1, exceeding growth rates reported for sales of insecticides (US$47 M year
-1) and  
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fungicides  (US$41  M  year
-1)  (Zhang  et  al.,  2004).  The  global  sale  of  herbicides  for 
application in rice farming systems could reach US$3 B year
-1 by 2025. The trend in the 
Philippines from direct-seeding to transplanting of crops has promoted the shift to herbicides, 
as broadcast seed does not grow in consistent rows, making manual weeding less efficient. 
Herbicides are easy to use, can achieve high rates of control with effective application, and 
are,  overall,  relatively  cheap.  However,  the  long-term  economic  benefits  associated  with 
alternative  means  of  weed  control  can  be  influenced  by  a  variety  of  factors.  Two 
circumstances that are becoming increasingly important to producers in the Philippines are 
labour scarcity, which has inflated the cost of employing labour for weed control, and the 
development of herbicide resistance. 
Wage rates for farm workers in the Philippines have been increasing steadily over the last 
two decades (BAS, 2011). An important factor contributing to this increase has been the 
migration of farm workers, mostly unskilled, from agricultural to non-agricultural sectors 
(Habito and Briones, 2005). Indeed, in some areas of the country (e.g. Laguna and Bulacan), 
many farmers are finding it increasingly difficult to hire seasonal workers, resulting in higher 
farm workers’ wage rates (Moya and Dawe, 2006). This highlights that high labour costs 
could greatly influence the management decisions of producers, particularly those concerning 
the trade-off between the use of manual weeding and herbicides for weed control. 
Many  studies  have  found  that  the  onset  of  severe  herbicide  resistance  in  important  crop 
weeds results in substantial economic losses (e.g. Pannell et al., 2004; Jones et al., 2006; 
Doole et  al.,  2009) This  has  been observed in many  countries,  particularly in developed 
countries such as Australia and the United States of America (USA). The negative impacts of 
herbicide resistance in rice farming systems throughout developing countries, such as the 
Philippines,  have  thus  far  arguably  been  reduced  since  manual  weeding  can  still  be  a 
profitable  alternative  to  herbicide  application.  Nevertheless,  the  superiority  of  manual 
weeding is conditional on maintaining low levels of weed density in every cropping season 
and on sufficiently low labour costs. Moreover, a mechanical weeder can also be used as a 
substitute for herbicide application and manual weeding, although this method is typically 
less effective. 
High  weed  populations  are  commonly  observed  on  most  Philippine  rice  farms.  With  an 
increasing  cost  of  labour,  economic  theory  indicates  that  there  is  likely  to  be  increased 
demand for substitute methods of weed control, particularly herbicide application. Increasing   4 
herbicide use will promote the onset of herbicide resistance in rice farming systems, which 
could have a large adverse effect on farm income. Incidences of 2,4-D-resistant Sphenoclea 
zeylanica (Sy and Mercado, 1983) and butachlor+propanil-tolerant Echinochloa crus-galli 
(Juliano et al., 2010) have been reported in some important rice areas in the Philippines. The 
objective of this study is therefore to investigate the impacts of increasing labour cost and the 
potential  development  of  herbicide  resistance  on  profitable  strategies  for  the  long-term 
management of weeds in rice farming systems. A simulation model of a representative rice 
farming system of the Philippines (Beltran et al., 2011) is used to investigate these problems 
within the context of the management of annual barnyardgrass (Echinochloa crus-galli), one 
of the most serious weed competitors of rice crops in the Philippines (Graf and Hill, 1992; De 
Dios et al., 2005). A modelling approach is highly appropriate given the inherent complexity 
of  weed  management  decisions,  particularly  considering  their  dynamic  nature  and  the 
integrated nature of many effective control strategies. A feature of this analysis is the use of 
extensive sensitivity analysis to assess how model output changes with perturbations to key 
parameters. 
The aims of the paper are to evaluate the impacts of increasing labour cost and build up of 
herbicide  resistance  on  the  composition  and  profitability  of  alternative  long-term  weed 
management strategies in Philippine rice farming systems. It is structured as follows. Section 
2 describes the model used in the analysis. The results of the analysis for labour cost are 
presented and discussed in Section 3, while those for herbicide resistance are presented and 
discussed in Section 4. Section 5 concludes. 
2. Model 
2.1 Model description 
The study employs the RIMPhil (Resistance and Integrated Management in the Philippines) 
model. This complex model is described in detail in Beltran et al. (2011) and readers are 
referred to this source for more information. RIMPhil is a bieconomic model, embedded in a 
decision  support  system  (DSS),  developed  to  analyse  the  economics  of  integrated  weed 
management strategies for rice farming in the Philippines. It allows the analysis of strategies 
to control annual barnyardgrass, both in the presence and absence of herbicide resistance. The 
structure  of  the  RIMPhil  model  is  loosely  based  on  that  of  the  RIM  (Resistance  and 
Integrated Management) model, which has been developed in Western Australia to guide the  
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management of annual ryegrass (Pannell et al., 2004) and wild radish weeds (Monjardino et 
al., 2003) in extensive mixed farming systems based mainly on cereal crops and livestock. 
RIMPhil  is  a  deterministic,  dynamic  model  that  allows  the  simulation  of  management 
strategies over a 20-year period. The incorporation of multiple years helps to describe the 
dynamic nature of weed populations and resistance development in a meaningful way. No 
automated optimisation procedure is used to identify the most profitable strategies, as done, 
for example, by Doole et al. (2009). Rather, a broad range of possible weed control strategies 
is evaluated through an extensive process of manual ―trial and error‖ to identify near-optimal 
solutions. The preferred strategy is selected on the basis of producing the highest profit over 
the 20-year period defined in the model. 
2.2 Weed-crop competition 
In the RIMPhil model, the impacts of a rice crop’s competitive ability on the number of seeds 
produced (seeds m
-2) per barnyardgrass plant   WP S  is captured in the following equation: 
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   (1) 
where  MS S   represents  maximum  barnyardgrass  seed  production  (seeds  m
-2  season
-1),  a 
signifies the barnyardgrass background competition factor (BBCF) that is used to calculate 
the base level of intraspecies competition affecting weed seed production,  HB W  refers to the 
healthy equivalent barnyardgrass population density (plants m
-2) before harvest, b is the rice 
crop  competition  factor  on  barnyardgrass  (RCFB),  DC D   refers  to  the  rice  crop  density 
depending on the seeding rate selected in the model,  WS W  is the number of barnyardgrass 
(plants m
-2) surviving all of the treatments that occur before harvest, and  E D  represents the 
sub-lethal effect of selective herbicides that leads to lower seed production by weeds. The 
parameter values used in the model are as follows:  MS S =48,000,  a=23, and  b =0.6/0.3 for 
transplanted/direct-seeded rice, respectively. 
Rice  yield  depends  on  the  crop  density  and  the  competitive  abilities  of  rice  relative  to 
barnyardgrass across planting techniques (Kropff and Lotz, 1993). In this model, assumed 
values used for standard crop yields are 5 t per hectare (ha)
 for wet season and 6 t ha
-1 for dry   6 
season. These values are the maximum attainable yields for certified inbred rice varieties in 
both seasons within a rice field with adequate fertility and no problems with water supply 
(Balisacan et al., 2006). The proportion of weed-managed yield that exists after accounting 
for the yield loss due to weed competition   PR Y  is calculated using: 





















  (2) 
where  c refers to the rice crop background competition factor (RBCF),  SR D  represents a 
standard reference rice crop density (plants m
-2) for each planting method,  DC D  refers to the 
actual rice crop density (plants m
-2) that depends on the seeding rate selected by the user, d  
signifies the barnyardgrass competition factor in the rice crop (BCFR),  WS W  is the number of 
barnyardgrass  plants  (plants  m
-2)  just  before  harvest,  WA W   refers  to  the  number  of 
barnyardgrass plants (plants m
-2) that must be added to  WS W  to account for the yield loss that 
will be incurred with the late removal of weeds, and  YL M  represents the maximum proportion 
of grain yield loss at high weed densities. 
Assumed values for RBCF are 3.5 for both crop establishment methods, while the values of 
BCFR are 180 per cent and 360 per cent for transplanted and direct-seeded rice, respectively. 
The estimated values of  WA W  are calculated by multiplying the estimated proportion of weeds 
that are killed by the total number of weeds removed from day 31 after transplanting/direct-
seeding (DAT/DAS) until before crop harvest , with a default value of 10 per cent. Moreover, 
the value of  YL M  varies according to the planting methods defined in each cropping season. 
Based on Moody (1990), the estimated values of  YL M  that are used in the model during the 
dry season are 61 per cent for transplanted rice and 64 per cent for direct wet-seeded rice. On 
the  other  hand,  the  YL M   values  for  the  wet  season  are  56  per  cent  and  62  per  cent  for 
transplanted and direct wet-seeded rice, respectively. Densities of 75 and 150 plants m
-2 are 
the  values  that  are  used  for  the  standard  reference  level  of  rice  crop  density    SR D   for 
transplanted  and  direct-seeded  rice  crops,  respectively.  These  are  based  on  PhilRice 
recommended  seeding  rates  of  20–40  kilogram  (kg)  ha
-1  for  transplanted  rice  (PhilRice, 
2000) and 40–80 kg ha
-1 for direct wet-seeded rice (PhilRice, 2001). The value of actual crop  
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density  DC D  depends on the selected seeding rate options included in the model: 50, 100, 
150, 200, and 300 kg ha
-1. 
2.3 Weed control options 
There are a total of 49 individual weed-control treatments included in the RIMPhil model. 
These  treatments  are  divided  into  two  general  groups:  herbicide  and  non-herbicide  weed 
controls. There are 29 herbicide options included in the model and these are sorted into three 
separate groups: selective herbicides (24), non-selective herbicides with cultural methods (2), 
and  user-defined  selective  herbicides  (3).  Selective  and  user-defined  selective  herbicide 
treatments in the model are grouped according to their time of application, these being: (1) 
pre-emergence  herbicides  with  application  time  from  0–6  DAT/DAS,  (2)  early  post-
emergence  herbicides  with  application  times  from  7–15  DAT/DAS,  and  (3)  late  post-
emergence herbicides with application time from 16–30 DAT/DAS (De Datta and Baltazar, 
1996). On the other hand, non-herbicide treatments included in the model are either cultural 
or manual methods including stale-seedbed management (this involves repeated plowing and 
harrowing of the land during the fallow period to stimulate weed growth), land cultivation, 
water  management,  manual  weeding,  and  mechanical  weeding.  Among  these  treatments, 
manual  weeding,  herbicides  application,  and  mechanical  weeding  represent  the  primary 
means of weed control for rice crops. The most profitable weed control strategy is usually 
influenced by the choice from these methods (Beltran et al., 2011). Detailed information 
regarding these options is presented in Beltran et al. (2011). 
2.4 Herbicide resistance 
The RIMPhil model excludes the detailed simulation of the population genetics of resistance 
development given that there exists insufficient information to accurately portray this process 
for the multiple herbicides incorporated in the model. Instead, the process is represented in a 
way  that  is  both  computationally  efficient  and  consistent  with  the  way  that  herbicide 
resistance  harms  producers.  A  maximum  number  of  applications  is  specified  for  each 
herbicide, above which the herbicide is no longer effective against weeds. Specification of 
herbicides as a finite resource is consistent with the stylised facts of resistance development 
and allows users to broadly state whether herbicide resistance cannot occur, has occurred, or 
can occur over the planning horizon.   8 
For  this  application,  based  on  discussions  with  weed  scientists,  the  assumed  numbers  of 
applications of each group of herbicides available prior to the onset of herbicide resistance in 
the standard model are as follows: 
  12 doses of each type of Groups A (aryloxy phenoxy propionate), B (sulfonylureas), 
and C (benzothiadiazones) herbicides; 
  16  doses  each  of  Groups  K1  (dinitroaniline)  and  O  (phenoxy-carboxylic-acids) 
herbicides; and 
  20  doses  each  of  Groups  D  (bipyridyliums),  E  (oxadiazole),  G  (Glycines),  K3 
(chloroacetamide), and N (thiocarbamate) herbicides.  
A wide selection of non-herbicide weed control options is also included in the model. This 
permits the user to identify profitable substitutes as herbicide efficacy is lost. 
2.5 Economics 
The model calculates the costs and revenues for each simulated strategy. The model uses 
discounting to compare costs and benefits that occur at different times (Pannell, 2006). These 
discounted costs and benefits are summed to calculate the Net Present Value (NPV) using a 
real discount rate of 6 per cent. The model also accounts for long-term trends in real prices 
and yields in the calculation of the NPV. Economic returns are mainly reported below in 
terms of the equivalent annual profit (EAP), or annuity. The EAP is a constant annual profit 
value that  would provide the same NPV as  the observed sequence of  benefits  and costs 
(Pannell, 2006).  
Costs included in the model are: non-weed control costs (inputs and other production costs), 
and weed control costs (chemical and non-chemical weed control costs). The costs of crop 
yield loss due to the phytotoxicity effect of chemical use and a penalty for using poor quality 
seeds are also represented in the model. Economic returns from crops are mainly based on 
crop yields and sale prices. 
2.6 Model runs 
Section 3 reports and discusses model output. The profitability of each strategy is measured 
based on the EAP ha
-1 over a 20-year planning horizon, and all monetary values are presented  
 
9 
in US dollars. For the purpose of this study, the exchange rate used for converting Philippine 
peso (PHP) into US dollar is US$1=PHP45. 
All  weed-control  scenarios  are  based  on  direct-seeding  for  crop  establishment  in  both 
cropping seasons (wet and dry) over 20 years. The use of direct-seeding is motivated by the 
popularity of this method as a labour-saving technology. Direct-seeding will likely dominate 
rice production when labour costs increase substantially. In addition, the use of direct-seeding 
typically results in a higher weed density than in transplanted crops, so weed-control becomes 
a more important issue. 
The standard assumptions are initial seed density of 200 seeds m
-2 and no initial herbicide 
resistance.  In  the  simulations,  resistance  develops  over  time  as  the  available  stock  of 
herbicide applications for each group of herbicides is exhausted. Note that the term herbicide 
is  used  throughout  this  paper  in  reference  to  the  application  of  post-emergence  selective 
herbicides (POST) unless otherwise stated. The use of a mechanical seeder (i.e. drumseeder) 
for sowing the rice seeds is necessary to facilitate the use of manual weeding when direct-
seeding is used. 
The  impacts  of  increasing  labour  cost  on  the  most-profitable  weed  control  strategy  are 
evaluated in Section 3 for scenarios with differing levels of weed density and different weed 
threshold levels. The weed threshold represents the number of weed plants in the field where 
no weed control is instigated unless the threshold is exceeded. Three labour prices are used in 
the analysis, these being: (1) current labour cost (base-case); (2) higher labour cost (100 per 
cent increase in the current price), and (3) very high labour cost (200 per cent increase in the 
current  price).  Based  on  the  increasing  trend  observed  in  the  nominal  wage  rate  in  the 
country, 100 and 200 per cent increases in the current labour price are realistic values to use 
to demonstrate the potential implications of high labour cost in determining the optimal long-
term weed treatment strategy. It is expected that they could be observed within 5 to 10 years. 
The  implications  of  herbicide  resistance  are  investigated  in  Section  4  through  the 
manipulation  of the availability of selective herbicides.  As herbicide resistance develops, 
chemicals  that are effective for the control  of  barnyardgrass  become less available. Two 
similar  rice  fields  that  differ  in  their  herbicide  resistance  status  are  used  in  the  analysis 
presented in Section 4. The first one has no resistance at the beginning of the planning period, 
but  resistance  may  develop  over  the  subsequent  20-year  horizon  if  all  of  the  allowable   10 
herbicide applications for a chemical group are exhausted. The standard levels of herbicide 
availability  that  are  represented  are  12  doses  each  for  Groups  A  and  B  herbicides.  In 
comparison, the other field has a severe herbicide resistance problem and, for illustrative 
purposes, the farmer is assumed not to apply herbicides from Groups A and B because of 
their lack of efficacy. In the following evaluations, the permissible numbers of applications 
for other groups of herbicides are held constant at the levels noted earlier and no constraints 
are placed on the use of non-herbicide treatments. 
The likelihood that there will be sufficient herbicide use to cause resistance in the rice fields 
depends on the labour cost and weed threshold level. Comparative economic returns and 
optimal  weed  control  treatments  with  and  without  herbicide  resistance  are  evaluated  and 
compared in two different scenarios in Section 4. These scenarios are: (1) very high labour 
cost (US$17 manday
-1) with low weed threshold level (0.1 plants m
-2), and (2) very high 
labour  cost  (US$17  manday
-1)  coupled  with  high  weed  threshold  level  (2  plants  m
-2).  A 
sensitivity  analysis  is  conducted  to  investigate  whether  the  relative  cost  of  herbicide 
resistance is robust to changes in the most-important parameters of the model. 
2.7 Sensitivity analysis 
A sensitivity analysis is used to investigate how model output changes with perturbations to 
key  parameters.  The  sensitivity  analysis  is  conducted  in  this  study  utilising  one  method 
(Strategy B) suggested by Pannell (1997). This procedure involves: 
  Identification of the parameters of the model that are subject to most uncertainty and 
may influence model results. 
  Specification of low, standard, and high values for each of the identified parameters. 
  Use of sensitivity indices to assess the responsiveness of model results to changes in 
key coefficients within the range of parameter values specified in Step 2. 
  Design and conduct of a modelling experiment. This involves a complete factorial 
experiment being carried out for the most-responsive parameters. 
A sensitivity index indicates the change in key model output with respect to a parameter 
change. It is calculated for each uncertain parameter based on the range of values specified 
for each key coefficient in Step 2 of the procedure. A range of sensitivity indices can be used, 















  (3) 
where  max P  is the annual equivalent profit of the optimal weed management strategy for each 
scenario when the parameter in question is set at its maximum value,  min P  is the annual 
equivalent profit for the minimum parameter value, and  st P  is the annual equivalent profit for 
the standard value of the parameter. Annual equivalent profit is identified as the key output of 
the model because it reflects the overall value of the long-term weed management strategies. 
The  most  important  uncertain  model  parameters  identified  in  the  sensitivity  analysis 
performed in this study have an absolute sensitivity index value equal to or greater than 0.2. 
This indicates that each perturbation incurs at least a US$20 ha
-1 change in EAP per cropping 
season, or about US$40 ha
-1 annually over 20 years. The following parameters incur changes 
that have this impact or greater: (a) base weed-managed yield, (b) net sale price of rice crop, 
(c) barnyardgrass seed production/cohort, (d) maximum barnyardgrass seed production, (e) 
rice crop competition factor on barnyardgrass, and (f) discount rate. Table 1 shows the high, 
standard  and  high  values  of  these  key  parameters.  The  low  and  high  values  for  these 
parameters  are  used  to  implement  complete  factorial  experiments  to  investigate  the 
implications of parametric change and uncertainty on model outputs. A complete factorial 
experiment involves the computation of model output for every possible combination of low 
and high values estimated for each of the six parameters listed above. The complete set of 
model runs consists of 2
6 (64) solutions. 













2/2.5  5/6  8/10 
Net sale price of rice crop (US$ t
-1)  167  278  388 
Barnyardgrass seed production/cohort (% change)  -20  0  20 
Maximum barnyardgrass seed production (seeds m
-2 
season
-1)  20000  48000  70000 




0.4/0.2  0.6/0.3  0.8/0.4 
Real discount rate (%)  1  6  27 
         12 
a ws: wet season; 
b ds: dry season, 
c tr: transplanted rice; 
d dr: direct-seeded rice 
 
3. Impacts of high labour cost 
This section reports and discusses the implications of model results concerning the impacts of 
increasing  labour  cost  for  the  management  decisions  of  rice  farmers  in  the  Philippines, 
particularly those concerning the trade-off between the use of manual weeding and herbicides 
to control weeds. 
3.1 Weed density and labour cost 
Model results regarding the impacts of labour costs across different weed density levels on 
the most profitable weed control methods are presented here. Table 2 shows the economic 
implications  of  manual  weeding  and  use  of  post-emergence  selective  herbicides  in  one 
cropping period under different weed densities across different labour costs. Under current 
labour costs (base-case), with low weed density, the treatment  costs for manual weeding 
(US$34 ha
-1) are slightly higher (by about 6 per cent) than for herbicide application (US$32 
ha
-1).  However,  the  net  returns  for  manual  weeding  are  slightly  higher  (US$599  ha
-1 
compared to US$595 ha
-1) due to superior weed control. Holding labour costs constant at 
US$5 and increasing the weed density, the cost of manual weeding rises substantially while 
the cost of herbicide application is unchanged. This is primarily because the cost of manual 
weeding  depends  directly  on  weed  numbers,  whereas  the  cost  of  herbicides  does  not. 
Accordingly, the returns of herbicide application are superior at all weed densities above 5 
plants m
-2. The profit advantage of herbicide is positively related to the weed density. 
Now examining the impact of labour costs, compare results across the columns of Table 2. 
With increased labour cost, herbicide application is superior to manual weeding even at the 
lowest weed density (by US$25 ha
-1 or US$54 ha
-1 for the two higher labour costs). Finally, 
there is a positive interaction between high labour costs and high weed density, so that the 
profit advantage of herbicides is much greater again when both are present. At the highest 
weed density and the highest labour cost, herbicide application is approximately 80 per cent 
(about US$200 ha
-1) more profitable than manual weeding. 
3.2 Weed threshold and labour cost  
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The  impacts  of  labour  costs  on  the  optimal  weed  management  strategy  also  vary  across 
different weed threshold levels.  In the Philippines, high weed populations are a common 
situation on most rice farms because farmers use a threshold that is well above the optimum 
threshold. From experimenting with the model, the optimal weed threshold level is found to 
be significantly lower than commonly assumed; a value of 0.1 plant m
-2 is used. This has 
important implications for labour cost and the relative profitability of manual weeding and 
herbicide weed control methods. To illustrate this case, three different labour cost scenarios 
are presented below. 
Table  2.  Treatment  cost  and  net  return  differences  of  manual  weeding  and  herbicide 





Labour cost (US$ manday
-1) 




b  MW  HA  D  MW  HA  D 
5  Treatment  cost 
(US$ ha
-1)  34  32  2  69  37  32  103  43  60 
  Net  returns 
(US$ ha
-1)  599  595  4  532  556  -25  464  517  -54 
10  Treatment  cost 
(US$ ha
-1)  52  32  20  104  37  67  157  43  114 
  Net  returns 
(US$ ha
-1)  568  582  -14  483  543  -60  397  504  -107 
15  Treatment  cost 
(US$ ha
-1)  74  32  42  148  37  111  223  43  180 
  Net  returns 
(US$ ha
-1)  527  563  -36  419  524  -105  312  485  -173 
20  Treatment  cost 
(US$ ha
-1)  87  32  55  174  37  137  261  43  218 
 
Net  returns 
(US$ ha
-1)  502  551  -49  382  512  -130  261  473  -212 
a WD: weed density (plants m
-2). Note that this is the weed density present at the time of 
performing manual weeding or herbicide application in the rice fields. 
b MW: manual 
weeding, HA: herbicide application, and D: difference between the two treatments. 
 
Figure 1 illustrates the profit difference between a weed strategy with manual weeding as the 
only direct means of weed control over 20 years (i.e. manual weeding strategy) and a weed 
strategy involving herbicide application for some cropping periods (i.e. herbicide application   14 
strategy) under different weed threshold levels. Under current labour cost (US$5), using an 
optimal weed threshold level (0.1 plants m
-2), manual weeding appears to be slightly more 
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Figure1.  Equivalent annual profit (EAP) (US$ ha
-1  year
-1)  of  using  manual  weeding  and 
herbicide application as weed control options for direct-seeding under current labour cost of 
US$5 (base-case scenario) over a 20-year period. 
On the other hand, holding labour costs constant at its current level and increasing the weed 
threshold level above its optimal level, the level of profit computed for the two strategies 
starts  to  diverge.  Herbicide  application  becomes  a  more  profitable  strategy  than  manual 
weeding, although their profit difference is still not substantial. These findings imply that if 
labour  costs  remain  at  their  current  levels  across  all  weed  threshold  levels,  herbicide 
application and manual weeding are good substitutes, provided that weeds are maintained at 
low densities. 
Now evaluating the effects of labour cost under different weed threshold levels, compare the 
two profit lines in Figure 2. In this scenario, the labour cost is assumed to increase by 100 per 
cent. With increases in labour cost, results show that the profit lines diverge more than in the 
previous  graph  that  presents  a  scenario  involving  the  current  labour  cost  (Figure  1).  It  
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demonstrates that the profit difference between manual weeding and herbicide application at 
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Figure 2.  Equivalent annual profit (EAP)  (US$ ha
-1 year
-1) of using manual weeding and 
herbicide application as weed control options for direct-seeding under higher labour cost of 
US$11 (100 per cent increase) over a 20-year period. 
There is a positive interaction between labour demand and weed threshold level, as more 
effort is required to remove weeds manually when high weed populations are present. High 
labour costs make the manual weeding method very expensive as weed thresholds increase. 
As a result, herbicide application becomes superior to manual weeding when there is both a 
high labour cost and a high weed threshold level. At the highest labour cost considered (i.e. 
200 per cent increase in the current price), across all of the weed threshold levels, the profit 
advantage of herbicide over manual weeding is much greater (Figure 3). Therefore, reliance 
on post-emergence selective herbicides under optimal management rises substantially with 
increasing weed threshold levels and as the cost of labour increases. 
Overall, these findings highlight the optimality of herbicide application, relative to manual 
weeding,  as  the  primary  form  of  weed  control  in  rice  farming  systems  if  labour  cost 
increases, or equivalently, labour resources become more scarce. If labour costs increase, 
greater reliance is placed on herbicides and therefore the probability that herbicide resistance   16 
becomes more widespread also increases. This situation is further aggravated if weeds are not 
controlled optimally because a higher weed population promotes seed production that, in 
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Figure 3. Equivalent annual profit (EAP) (US$ ha
-1 year
-1) of using manual weeding and 
herbicide application as weed control options for direct-seeding under the very high labour 
cost of US$17 ha-1 (200 per cent increase) over a 20-year period. 
The results in this section highlight the importance of considering labour constraints in the 
evaluation of optimal weed management strategies. This is especially the case in developing 
countries where employment in non-agricultural sectors is increasing. 
3.3 Sensitivity analysis 
The sensitivity analysis on the impact of labour cost involves the computation of complete 
factorial experiments for model results involving the six most important parameters identified 
in Section 2.7. The complete set of model runs for the sensitivity analysis for each scenario 
consists of 2
6  (64) solutions.  The solutions  are for optimal weed control  strategies for a 
scenario of very high labour cost (i.e. 200 per cent increase in the current price) and optimal 
weed threshold level (0.1 plant m
-2). The very high labour cost is used for illustration because 
this is the price setting where the economic implications of manual weeding and herbicide 
application strategies are most significant. Note that the methods of weed control adopted in  
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both cases are held constant over 20 years, and therefore negative profits are also observed in 
some scenarios. 
Figure 4 illustrates the profit difference between herbicide application and manual weeding. 
(Positive differences indicate that herbicides are superior.) About 60 per cent of the scenarios 
investigated  have  a  profit  difference  of  zero,  or  close  to  zero.  However,  a  minority  of 
scenarios have high profit benefits for herbicides so, across all scenarios, the average profit 
advantage of herbicide application over manual weeding is around US$8,000 ha
-1. These 
results support the finding that when labour cost is high and a high weed threshold is used, 
herbicide application is likely to be the preferred strategy. Even in the scenarios that are least 
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Figure  4.  Cumulative  distribution  function   for  the  profit  difference  (US$  ha
-1)  between 
herbicide  application and extensive use of manual  weeding  strategies  with  direct-seeding 
over 20 years. 
4. Impacts of herbicide resistance 
This section reports and discusses the implications of model results concerning the impacts of 
herbicide resistance for the management decisions of rice farmers in the Philippines. 
4.1 Very high labour cost under optimal weed density   18 
Results show that the optimal strategies generated for both the with and without herbicide 
resistance scenarios have almost the same average weed density over 20 years, although the 
total number of weed control options used is slightly higher when herbicide-resistance is 
present (Table 3). For example, as use of Group A and B herbicides drops from 12 doses each 
(i.e. without resistance case) to zero applications (i.e. full resistance case), the use of manual 
weeding increases from 25 to 28 events. Adoption of thorough land preparation also increases 
from 6 to 8 applications. Nevertheless, the two cases involve very similar types of weed 
treatments over a 20-year planning horizon. These results are consistent with the findings of 
other authors (e.g. Pannell et al., 2004; Doole et al., 2009; Doole and Revell, 2010) who also 
found  that  (a)  there  was  an  insignificant  difference  in  optimal  weed  density  between 
scenarios in which herbicide resistance is present and those in which it is not, and (b) the 
number of weed control treatments increased under profitable management in the presence of 
herbicide  resistance.  These  additional  weed  control  strategies  help  to  reduce  competition 
from weeds given the lower availability of chemicals for effective control. These strategies 
also help to reduce the difference in weed densities between the two scenarios. 
Table 3. RIMPhil model results with and without herbicide resistance. Results are presented 
for direct-seeding with high labour cost (US$17) and optimal weed threshold (0.1 plant m
-2) 
over a 20-year period. 
Weed Control  Without resistance  With resistance 
Profitable usage of groups A 
and B herbicides 
10A; 0B  0A; 0B 
Total usage of other groups 
of selective herbicides 
20  17 
Profitable non-herbicide 
weed control options (number 
of uses) 
  Reduced tillage (34) 
  Full land preparation (6) 
  Certified seeds (40) 
  Low seeding rate (40) 
  Water management (4) 
  Hand  weeding  at  15–30 
DAS (30) 
  Hand  weeding  at  31–45 
DAS (25) 
  Drumseeder (40) 
 
  Reduced tillage (32) 
  Full land preparation (8) 
  Certified seeds (40) 
  Low seeding rate (40) 
  Water management (40) 
  Hand  weeding  at  15–30 
DAS (40) 
  Hand  weeding  at  31–45 
DAS (28) 
  Drumseeder (40) 
 
Equivalent annual profit for 
years 1–20 (PHP ha
-1)  64,398 (US$1,431)  63,496 (US$1,411)  
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Weed density (20 year 
average m
-2)  0.01  0.03 
With the presence of herbicide resistance, the net returns (EAP US$ha
-1 year
-1) achieved over 
20 years slightly decreases by approximately about 1.5 per cent (Table 3). The economic 
losses are due to the high cost of manual weeding and additional treatment costs incurred 
with resistance present. Nevertheless, the economic costs of herbicide resistance are not high 
provided that weeds are well-managed, even if the cost of labour is increased. As mentioned 
above, less labour for weed control is required at lower weed densities. As shown in Table 2, 
the treatment cost of manual weeding increases as the weed density increases, and this cost is 
further intensified by an increasing price of labour. This finding is investigated further in the 
next subsection. 
4.2 Very high labour cost under high weed density 
The impact of herbicide resistance is more evident if a high cost of labour is coupled with a 
high weed control threshold. Table 4 shows that EAP declines from US$1,260 to US$ 1,178 
ha
-1 year
-1, or by about 7 per cent, when applications of Groups A and B selective herbicides 
are completely restricted to simulate resistance development. With the onset of resistance, 
manual  weeding  is  required  in  place  of  herbicides  to  maintain  a  low  number  of  seed-
producing weed plants. However, if there is a high weed density (due to a high weed control 
threshold) manual weeding is so expensive that it would cause a substantial reduction in 
profit with a high labour price. Thus, this result reinforces that herbicide application becomes 
the most attractive option for controlling weeds in rice farming systems if the cost of manual 
weeding is high. 
Increases  in  total  weed  management  cost  for  the  two  herbicide  resistance  cases  are  also 
brought about by the additional weed treatments required to maintain high control of the 
weed. For instance, it is optimal to employ water management, thorough land preparation, 
and  application  of  other  groups  of  selected  herbicides  in  almost  every  cropping  season 
throughout the 20-year horizon to achieve high weed control when the weed threshold level 
increases to 2 plants m
-2. 
Overall, the model results show that the optimal weed strategies with and without herbicide 
resistance  provides  almost  the  same  average  weed  density  over  the  planning  period.   20 
Therefore, the profit difference between the two cases is mainly due to differences in total 
weed treatment costs rather than to differences in weed competition. 
Table 4. RIMPhil model results for with and without herbicide resistance status. Results are 
for direct-seeding with high labour cost (US$17) and high weed threshold level (2 plants m
-2) 
over a 20-year period. 
Weed Control  Without resistance  With resistance 
Profitable usage of groups A 
and B herbicides 
12A; 12B  0A; 0B 
Total usage of other groups 
of selective herbicides 
40  40 
Profitable non-herbicide 
weed control options (number 
of uses) 
  Reduced tillage (2) 
  Full land preparation (38) 
  Certified seeds (40) 
  Low seeding rate (40) 
  Water management (40) 
  Hand  weeding  at  15–30 
DAS (16) 
  Drumseeder (16) 
 
  Reduced tillage (2) 
  Full land preparation (38) 
  Certified seeds (40) 
  Low seeding rate (40) 
  Water management (40) 
  Hand  weeding  at  15–30 
DAS (40) 
  Drumseeder (40) 
 
Equivalent annual profit for 
years 1–20 (PHP ha
-1)  56,698 (U$1,260)  53,016 (U$1,178) 
Weed density (20 year 
average m
-2)  1.69  1.69 
It appears  that the onset of herbicide resist ance will  result in modest reductions in the 
incomes of  Filipino rice farmers.  There may be economic incentives  for farmers to try  to 
prevent or delay development of resistance. The robustness of these model runs are tested in 
the next subsection. 
4.3 Sensitivity analysis 
This sensitivity analysis is carried out to test the robustness of results indicating the negative 
impact  on  profits  following  the  onset  of  herbicide  resistance.  The  same  procedure  for 
sensitivity analysis used in Section 3 is adopted here. Profit differences with and without 
resistance scenarios are estimated under very high labour cost and high weed threshold level. 
In  all  sensitivity  scenarios,  the  six  most-sensitive  parameters  are  varied  in  a  complete 
factorial design, while all other parameters are kept fixed at their standard values. Note that  
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the most profitable weed control strategies over 20 years are determined through exhaustive 
experimentation with the model. 
Figure 5 demonstrates that the onset of herbicide resistance often results in a loss in farm 
profit, but that in some scenarios, the loss is only modest. About 50 per cent of the scenarios 
examined  have  a  profit  loss  of  US$60  ha
-1  year
-1  or  less  over  the  20  years.  Across  all 
scenarios, the average profit loss of about US$100 ha
-1 year
-1 is incurred due to herbicide 
resistance. This represents about a 17 per cent reduction in the average net profit per cropping 
season (about US$600 ha
-1 year
-1) from rice farming, which, while possibly not devastating, 
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Figure 5. Cumulative distribution function for the profit loss of the existence of herbicide 
resistance problem with direct-seeding over 20 years. 
 5. Conclusions 
The implications of high labour cost and build up of herbicide resistance for optimal long-
term weed management have been examined in this paper, using the RIMPhil model. Results 
indicate that the use of post-emergence selective herbicides is generally more profitable than 
manual weeding when weed populations are high, as the cost of manual weeding is positively 
related to weed numbers. This result is supported by an extensive sensitivity analysis, which 
shows that herbicide is substantially more profitable in about 60 per cent of scenarios, and is 
not substantially less profitable in any scenarios.   22 
Model runs with and without herbicide resistance included clearly demonstrate that the onset 
of  herbicide  resistance  poses  economic  challenges  to  farmers.  Across  all  scenarios  of  a 
sensitivity analysis, an average profit loss of about US$100 ha
-1 year
-1 is incurred due to 
herbicide resistance. However, these results are conditional on the assumed level of labour 
cost, which is very high compared to standard levels. This high labour cost is considered 
realistic within the next decade or two. 
Results suggest that it may be worthwhile for farmers to take management actions to attempt 
to prevent or delay the onset of herbicide resistance, provided that these changes are effective 
and not too costly. This has important implications for weed scientists, extension agents, 
consultants and policy makers – there may be benefits from development and promotion of 
new or improved technologies and systems for weed control. 
Overall,  this  analysis  indicates  that  increasing  labour  costs  in  the  Philippines  will  likely 
promote herbicide application. Moreover, the greater intensities of chemical application for 
weed control could increase resistance development, which is demonstrated to reduce farm 
profit. The degree to which these findings are applicable to rice farming systems in other 
regions of Asia is worthy of further research. 
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